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. α -Syn is a cytosolic protein that is highly expressed in neurons and enriched at synaptic terminals 9 . α -Syn is a natively unfolded molecule that can self-aggregate to form oligomers and fibrillar intermediates 10, 11 . Subsequently, it has been suggested that oligomers rather than fibrillar structures might actually show toxicity to cells through binding to membrane lipids and causing membrane perturbations [12] [13] [14] . Further studies have revealed that α -Syn can be released from cultured cells by exocytosis 15 or by exosomes 16 and that α -Syn is detected in cerebrospinal fluid and plasma 17, 18 . Furthermore, it has been reported that exogenous α -Syn causes abnormal cell migration in neuronal stem cells 19 or in MDCK cells 20 . In light of this we reasoned that the extracellular effect of α -Syn would give us some potential hints for the understanding of pathogenesis of Parkinson's disease. In the present studies we show evidence that extracellular α -Syn causes inhibition of PDGF-induced chemotaxis in SH-SY5Y cells through selective suppression of Rac1 activation required for cell migration.
Results
Impairment of PDGF-induced chemotaxis by α-Syn and α-Syn(A53T). First, we tested the effect of extracellular α -Syn on cell motility. The ability of wild-type α -Syn and mutant protein, α -Syn(A53T) found in hereditary PD, to influence PDGF-induced chemotaxis of human neuroblastoma SH-SY5Y cells was tested using a two-chamber method. Intriguingly, PDGF-induced chemotaxis was strongly suppressed by the treatment of either purified recombinant α -Syn or α -Syn(A53T) (Fig. 1a,b ) in a dose-dependent manner, with the inhibition by α -Syn(A53T) being three times stronger than that by the wild type (Fig. 1c) . The effect of α -Syn(A53T) became more remarkable over time (Fig. 2a ). This potentiation effect over time may partly due to the self-aggregation tendency of the protein (Fig. 3) . Compared with the wild-type α -Syn, α -Syn(A53T) was more prone to form oligomeric structures in solution. On the other hand, an α -Syn mutant devoid of ganglioside-binding ability, α -Syn(K34A/Y39A/K45A) 14 -derived mutant α -Syn(A53T/K34A/Y39A/K45A), α -Syn(A53T)-AAA, lost its self-oligomerization activity. In contrast to the extracellular effect of α -Syn, expressed wild-type or mutant α -Syn within the cells had little or no effect on chemotaxis (Fig. 2b) . The difference between exogenously added α -Syn and expressed cellular form of α -Syn may be ascribed to the conversion of monomeric to oligomeric forms including a dimer that occurs only in extracellular α -Syn (Fig. 4) . This notion was further ascertained by the effect of α -Syn(A53T)-AAA. This oligomerization-deficient mutant was disabled to suppress PDGF-induced chemotaxis (Fig. 2c) , indicating oligomerization/function relationship as suggested in the previous studies 12, 13 . Next, to exclude the possibility that inhibition of chemotaxis can be seen only by these recombinant proteins expressed in E. coli but not by an endogenous protein from human sources, α -Syn was purified from human erythrocytes and tested for its ability to the chemotaxis. The erythrocyte α -Syn inhibited the PDGF-induced chemotaxis (Fig. 2c) to an extent similar to a recombinant wild-type α -Syn (Fig. 1b) . These extracellular effects of α -Syn may not reflect its cellular toxicity because cells are viable even after 48 hr incubation with α -Syn(A53T) as judged by trypan blue exclusion assay ( Table 1) . product, PtdIns-3,4,5-trisphosphate, is known to accumulate during PDGF stimulation and this phosphorylated lipid in turn activates the protein kinase (Akt), which is implicated in triggering a cascade of responses including increased cell motility 21 , involvement of Akt was tested. Upon PDGF stimulation, cells underwent robust phosphorylation of Akt as demonstrated by immunoblot analysis using a specific anti-phosphoAkt antibody (Fig. 5a,b) . Pretreatment of cells with α -Syn(A53T) had almost no effect on the phosphorylation of Akt. Next, another important signalling pathway after PDGF receptor activation includes mitogen-activated protein kinase (MAPK) that is also involved in the regulation of important cellular processes such as cell motility 22 . To assess the involvement of MAPK system, PDGF-induced activation of Erk was measured. PDGF caused a clear phosphorylation of Erk as judged by immunoblot analysis using an anti-phosphoErk antibody (Fig. 5c,d ). In this system α -Syn(A53T) had little or no effect on the phosphorylation of Erk. These results indicate that α -Syn(A53T) does not interfere with PDGF-induced two major signalling pathways, i.e., the activation of Akt or Erk.
Dissection of PDGF

Impairment of Rac1 activation by α-Syn(A53T).
It is well known that the Rho family GTPases are regulated downstream of PDGF signalling and play critical roles in the agonist-induced chemotaxsis [23] [24] [25] . To identify the molecular basis for α -Syn(A53T)-mediated chemotaxis failure (Figs 1 and 2 ), we next studied the effect of α -Syn(A53T) on PDGF-induced activation of Rho family GTPases, including Cdc42, Rac1 and RhoA. We measured the activation of each GTPase using a FRET-based analysis. SH-SY5Y cells transiently expressing Raichu-Rac1, Raichu-Cdc42 or Raichu-RhoA, as reported previously 26 , were stimulated with PDGF, and the activity of each GTPase was monitored by ratiometric analysis in the living cells. PDGF caused both Rac1 and Cdc42 activation in a time-dependent manner (Fig. 6a,b) . On the other hand, RhoA activation was not observed, which is consistent with a previous report 27 ( Fig. 6c) . Importantly, pretreatment of the cells with α -Syn(A53T) almost completely blocked the PDGF-induced activation of Rac1 (Fig. 6a, closed circles) . However, Cdc42 activation was insensitive to α -Syn(A53T) (Fig. 6b, closed circles) . Impairment of PDGF-induced Rac1 activation by α -Syn(A53T) was further confirmed by a biochemical analysis. After stimulation of cells with PDGF, GTP-bound Rac1 was pulled-down by Cdc42/Rac-interactive binding domain of Pak1 fused to GST and detected by Rac1 antibody. α -Syn(A53T)-treatment resulted in almost complete block of Rac1 activation (Fig. 6d) , strengthening the result obtained by a FRET-based analysis (Fig. 6a) . To further support the idea that the ability of extracellular α -Syn(A53T) to attenuate PDGF-induced chemotaxis is mainly attributed to the impairment of Rac1 activation, the effect of Rac1 inhibitor NSC23766 on PDGF-induced chemotaxis was tested and compared with that of α -Syn(A53T). As expected, NSC23766 inhibited the chemotaxis to an extent similar to that caused by α -Syn(A53T) (Fig. 6e) .
It is well established that actin cytoskeleton remodeling is spatio/temporally regulated by Cdc42, Rac1 and RhoA, which are involved in filopodia, lamellipodia and stress fiber formation, respectively 28 . To verify the molecule/function relationship, PDGF-induced changes in actin cytoskeleton structures were characterized next. Fluorescent phalloidin staining showed that PDGF induced clear morphological changes including membrane-ruffled round cells (Fig. 7, see arrows) . Intriguingly, PDGF-induced membrane-ruffled lamellipodia formation was strongly inhibited by α -Syn(A53T) treatment, instead resulting in prominent filopodia formation (Fig. 7, see arrowheads) . These morphological changes matched well with the results that Rac1 but not Cdc42 activation was inhibited by extracellular α -Syn(A53T) (Fig. 6) .
Discussion
α -Syn-induced chemotaxis failure shown in the present studies may not be artefactual effects caused by a denatured protein expressed in E. coli but may represent a bona fide nature of this protein since α -Syn purified from human erythrocytes caused similar inhibitory effects on cell migration (Fig. 2c) . In addition, the exracellular effects of α -Syn may not reflect its cellular toxicity because cells were viable even after 48 hr incubation with α -Syn(A53T) as judged by trypan blue exclusion assay ( Table 1 ). The potency of α -Syn(A53T) to inhibit PDGF-induced chemotaxis was stronger than that of the wild-type (Fig. 1) . Since oligomeric forms of α -Syn preferentially bind to membrane lipids and that α -Syn(A53T) has a higher propensity to form oligomers than a wild type 13 , it is reasonable to assume the difference in the potency to inhibit chemotaxis between α -Syn(A53T) and the wild type may be attributed to the tendency to their oligomerisation. To support this notion, α -Syn(A53T) in solution tends to aggregate more readily than a wild type as judged by SDS-PAGE followed by immuno-staining (Fig. 3) . It has recently been suggested that α -Syn has an ability to interact with gangliosides in the cholesterol and sphingolipid-rich membrane microdomains known as lipid rafts and has a potency to alter the functions of several signaling molecules in the raft domains 29 . In this line, ganglioside binding mutant α -Syn(A53T)-AAA showed lack of self-oligomerization (Fig. 3) and of ability to inhibit chemotaxis (Fig. 2c) . It is tempting to speculate that extracellular α -Syn may first interact with gangliosides in the lipid raft domains and its oligomerization causes perturbation of the raft microenvironment resulting in the alteration of the PDGF receptor signalling.
It has previously been shown that suppression of neuronal stem cell migration along the rostral migratory stream was observed when the α -Syn-encoding retroviral vector was directly injected into the subventricular zone of mice in vivo 19 . On the contrary, it has recently been reported that neuron-derived α -Syn acts as a chemoattractant which directs microglial migration toward the injured neurons 30 . In this case α -Syn-induced cell migration required β 1-integrin signalling and subsequent involvement of reactive oxygen species. Cell specific responses to α -Syn remains to be studied further.
In the present studies we have shown that PDGF-induced chemotaxis was inhibited by α -Syn and its hereditary mutant α -Syn(A53T) through the inhibition of Rac1 activation (Fig. 6a,d ). This inhibition may not involve either Akt or MAPK since PDGF-induced phosphorylation of both Akt and Erk was insensitive to α -Syn(A53T) (Fig. 5) . It has been previously shown that PDGF-induced migration and invasion were effectively inhibited by somatostatin treatment in SH-SY5Y cells 27 . In their studies somatostatin caused inhibition of Erk resulting in partial impairment of Rac activation in a pertussis toxin-sensitive manner. It is difficult to compare the results obtained from different conditions, however extracellular effect of α -Syn may need to be studied in terms of additional signaling events involving a pertussis toxin-sensitive phenomenon. More recently it has been shown that PDGF activates Src kinase, which in turn leads to activation of Rac 31 . In this context, an afadin-binding protein, afadin dilute domain-interacting protein (ADIP), interacted with Vav2, a GDP/GTP exchange factor for Rac, in a Src phosphorylation-dependent manner 32 . These results indicate that ADIP may be involved in PDGF-induced cell movement through Src/Rac signalling pathway and will be a potential target for α -Syn. Our present studies suggest that extracellular α -Syn first undergoes oligomerization at the lipid rafts in association with gangliosides and causes perturbation of the raft microenvironment resulting in altering the ability of signalling molecule(s), which may inhibit Rac1 full-activation. Further studies are necessary to clarify the molecular mechanism underlying extracellular α -Syn-induced pathophysiology including chemotaxis failure.
Methods
Antibodies and reagents. These antibodies and reagents were purchased from the following companies:
Anti-α -Syn mouse monoclonal antibody (clone 211) from Santa Cruz Biotechnology; anti-phospho-Akt (Ser473) (D9E) XP rabbit monoclonal antibody (Cell Signalling Technology); anti-Akt rabbit polyclonal antibody (BioLegend); anti-phospho-Erk (Biomol); rabbit polyclonal Erk1/2 antibody from Enzo Life Sciences.
Plasmids and mutations.
Human α -Syn was amplified and subcloned into the bacterial expression vector pET3a or mammalian expression vector pCMV5. For α -Syn(A53T), alanine 53 was mutated to a threonine using a QuikChange site-directed mutagenesis protocol. pRaichu-Rac1, pRaichu-Cdc42 and pRaichu-RhoA were kindly provided by Dr. M. Matsuda (Kyoto University). α -Syn(A53T)-AAA was designed and expressed as reported previously 14 with a slight modification that three point mutations were employed in α -Syn(A53T) instead of α -Syn. All the constructs were verified by sequencing.
PDGF None α-Syn(A53T)
PDGF + α-Syn(A53T) Bacterial expression and purification of recombinant α-Syn and α-Syn(A53T). Recombinant α -Syn, α -Syn(A53T) and α -Syn(A53T)-AAA were expressed in E. Coli and purified as described previously 33 . Briefly, α -Syn or α -Syn(A53T) cDNAs subcloned into pET3a was transformed in E. coli BL21 (DE3) and protein expression was induced by 0.1 mM IPTG for 3 hr. Bacterial pellets were resuspended in TE buffer (10 mM Tris-HCl, pH7.5 and 1 mM EDTA) containing 750 mM NaCl (TE-750 mM NaCl) with protease inhibitors, heated at 100 °C for 10 min, and centrifuged at 70,000× g for 30 min. The supernatant was dialysed against TE-20 mM NaCl, filtered by 0.22 μ m filter and applied to a Mono S column (GE Healthcare). The unbound fractions were applied to a Mono Q column (GE Healthcare). α -Syn was eluted with a 0-0.5 M NaCl linear gradient. The fractions containing α -Syn were identified by Coomassie Brilliant Blue staining and immunoblot analysis following SDS-PAGE. Protein concentration was determined using Bradford protein assay kit (Bio-Rad).
Cell cultures and transfections. SH-SY5Y cells obtained from American Type Culture Collection (ATCC, CRL-2266) were maintained in DMEM/F-12 medium (Wako Pure Chemical Industries) containing 10% fetal bovine serum and 1% penicillin/streptomycin at 37 °C in 5% CO 2 . Cells were plated onto 35 mm glass-bottom culture dishes (MatTek) before transfection. Transient transfection was carried out using FuGENE HD (Promega). All experiments were performed 2 to 3 days after transfection.
Cell migration. Cell migration was assessed using 24-well Transwell plates (Coring). The insert membranes (8.0 μ m pore size) were coated with collagen type I (50 μ g/mL in 5% acetic acid) for 2 hr. SH-SY5Y cells were trypsinised and resuspended in serum-free DMEM/F-12 containing 0.1% fatty acid-free bovine serum albumin (BSA) (Sigma). The cells were then added to the upper wells of Transwell plate (Corning) at 5 × 10 5 cells per insert. In some experiments 1 μ M α -Syn, 1 μ Mα -Syn(A53T) or 50 μ M NSC23766 (Calbiochem) were included in the upper wells as specified in the figure legends. PDGF (20 ng/ml, Wako Pure Chemical Industries) were added to the lower wells. After 18 hr at 37 °C the migrated cells were detached from the membranes by trypsinisation and the number of the cells was counted by a hemocytometer. In some experiments the trypsinised cells were seeded on 35 mm glass-bottom culture dishes (MatTek) and cultured for 24 hr, followed by fixation and staining using anti-α -Syn antibody.
Immunocytochemistry. For cell morphological studies SH-SY5Y cells were serum-starved in the absence or presence of purified α -Syn for 18 hr and stimulated with 20 ng/ml PDGF for 8 min, followed by fixation with 4% paraformaldehyde in PBS (pH 7.4) for 15 min. After washing twice with PBS, the cells were permeabilised with PBS containing 0.1% Triton X-100 for 10 min, then blocked with 1% BSA for 10 min. The cells were then incubated with rhodamine-phalloidin (Sigma) for 1 hr and washed three times with PBS. In some of the experiments SH-SY5Y cells transiently expressing α -Syn were fixed, permeabilised and treated with 1% BSA. The cells were then incubated with the anti-α -Syn antibody (diluted 1:200) in PBS for 1 hr. After washing in PBS, the cells were incubated with Alexa-Fluor 488 goat anti-mouse IgG (diluted 1:1,000, Cell Signalling Technology) for 30 min. After washing three times with PBS, the fluorescence was observed under a confocal laser scanning microscope (LSM 510 META, Carl Zeiss) using a 63× oil plan-apochromat objective.
Ratiometric analysis of Rac1, Cdc42 and RhoA activity in living cells. SH-SY5Y cells were seeded on glass-bottom dishes and transfected with expression vectors for Raichu-Rac1, Raichu-Cdc42 or Raichu-RhoA. After 24 hr, the cells were serum-starved for 18 hr in the presence or absence of 1 μ M α -Syn(A53T). Medium was replaced by HEPES-buffered medium consisting of 10 mM HEPES/NaOH (pH 7.4), 130 mM NaCl, 4.7 mM KCl, 1 mM CaCl 2 , 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 , 10 mM glucose with or without 1 μ M α -Syn(A53T), and the cells were stimulated with 20 ng/ml PDGF. The cells were imaged on an Olympus IX microscope (Olympus Optical Co.) equipped with a cooled CCD camera, Cascade II 512 (Photometrics), and the imaging system was controlled by MetaFluor fluorescence ratio imaging software (Molecular Devices). Each cell imaging session was repeated at least six times.
Rac1 pull-down assay. SH-SY5Y cells (1 × 10 7 cells) were serum-starved for 18 hr in the presence or absence of 1 μ M α -Syn(A53T) and treated with 20 ng/ml PDGF for 4 min. Cells were lysed for 5 min with the ice-cold cell lysis buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl 2 , 1% NP-40, 5% glycerol and protease inhibitor cocktail (Nacalai Tesque)) containing 10 μ g of GST-fused Cdc42/Rac-interactive binding domain of PAK1 (GST-CRIB). Cell lysates were then centrifuged for 5 min at 10,000× g at 4 °C, and the supernatants were mixed with glutathione-Sepharose beads (GE Healthcare UK Ltd.) with mild rotation for 30 min at 4 °C. After washing the beads with the cell lysis buffer, the bound proteins were resolved on 12.5% SDS-polyacrylamide gel electrophoresis and immunoblotted using a mouse monoclonal anti-Rac1 antibody (1:1000, BD Biosciences).
Purification of human erythrocyte α-Syn. Native α -Syn was purified from freshly collected human erythrocytes from healthy volunteers by a non-denaturing method described previously 34 .
Detection of protein phosphorylation by immunoblotting. SH-SY5Y cells were incubated with 1 μ M α -Syn for 18 hr under serum-starved condition and stimulated with 20 ng/ml PDGF for 5 min. The cells were then solubilised and separated on 12.5% SDS-PAGE gels, blotted onto polyvinylidene difluoride membrane (Millipore), probed with the anti-phospho-Akt, anti-Akt, anti-phospho-Erk, or anti-Erk antibody, followed by HRP-conjugated secondary antibodies treatment and visualized using SuperSignal West Dura Extended Duration Substrate (Thermo Fisher Scientific). Images were acquired using LAS1000 (Fujifilm).
Statistical analysis.
Results are expressed as means ± s.e.m. Data were analysed by Student's t-test. P-values < 0.05 were considered significant. Error bars indicate s.e.m.
